Lee-Wick partners to the Standard Model Higgs doublet may appear at a mass scale that is significantly lower than that of the remaining Lee-Wick partner states. The relevant effective theory is a two-Higgs doublet model in which one doublet has wrong-sign kinetic and mass terms. We determine bounds on this effective theory, including those from neutral B-meson mixing, b → X s γ, and Z → bb. The results differ from those of conventional two-Higgs doublet models and lead to meaningful constraints on the Lee-Wick Higgs sector.
I. INTRODUCTION
The Lee-Wick Standard Model (LWSM) presents a novel solution for addressing the hierarchy problem in the Standard Model [1] . For every Standard Model field, a gaugeinvariant, higher-derivative (HD) kinetic term is introduced so that propagators fall off more quickly with momentum. Although such terms include higher-derivative interactions as well, a power-counting exercise shows that the resulting theory is no more than logarithmically divergent [1] . The dependence of the Higgs boson mass squared on any ultraviolet physics is no worse in the LWSM than it is, for example, in the Minimal Supersymmetric Standard
Model (MSSM).
The presence of HD quadratic terms leads to the presence of additional poles in the two-point function of each field. Using an auxilliary field method (that we review in the next section), it is possible to recast the original LWSM Lagrangian in terms of one without HD terms, but with additional fields that correspond to the LW partner states [1] . In this formulation, all interactions in the Lagrangian have mass dimension no greater than four. It is natural to question the consistency of a theory that includes physical states with "wrong-sign" kinetic and mass terms. These states have negative norms, so that the free Hamiltonian is bounded from below. The presence of eigenstates of the Hamiltonian with real eigenvalues and negative norms, however, can lead to a violation of unitarity. Lee and Wick [2, 3] showed long ago that unitary can be preserved in such a theory if the negative norm states have non-vanishing decay widths, and hence are eigenstates of the Hamiltonian with complex eigenvalues. The S matrix constructed out of the eigenstates of the Hamiltonian with real eigenvalues excludes these states and is unitary. Lee and Wick [2, 3] , as well as Cutkosky et al. [4] showed how the pole prescription in perturbation theory is modified so that the correct S matrix is produced, and no violation of unitarity was found in any explicit higher-order calculation that the authors considered. While this construction of the S matrix leads to a violation of causality at a microscopic level, no logical paradoxes have been shown to arise at macroscopic scales [2, 3, 5, 6] . More recently, unitarity of longitudinal gauge boson scattering amplitudes in the LWSM has been demonstrated [7] , a result that is not obvious given that LW vector bosons masses do not arise via spontaneous symmetry breaking. In summary, every explicit calculation in LW theories, including nonperturbative studies [8] , has supported the consistency of these theories. This motivates phenomenological studies [9, 10, 11, 12, 13, 14, 15, 16, 17] of the LWSM as a viable solution to the hierarchy problem.
Recent work on the LWSM has included studies of collider signals [9] , flavor-changing [10] and electroweak precision constraints [11, 12] , higher-derivative generalizations [13] , running of couplings and unification [14, 15] , and LW theories at high-temperature [16] . If the LW particles are assumed to have a common mass, M LW , then electroweak constraints typically require this scale to be above ∼ 5 TeV. However, as pointed out in Ref. [12] , the spectrum of LW particles need not be degenerate. The LW partners to the Higgs boson, the top quark, the left-handed bottom quark and the SU(2) gauge bosons give the greatest contributions to the cancellation of the Higgs boson quadratic divergence and must be present at or below the TeV scale. The remaining LW partners could appear around 10 TeV without requiring substantial fine tuning in the Higgs bare mass. The electroweak constraints on the effective theory with this minimal LW particle content was studied in Ref. [12] , where it was noted that the LW-mass scale for the Higgs sector mh was only weakly constrained. While the LW gauge and fermion partners were again forced into the multi-TeV range, mh could be O(100) GeV without running afoul of the bounds. This result suggests another possible hierarchy in the LW particle spectrum: the LW partners to the Standard Model Higgs doublet could be well below 1 TeV, while the remaining LW states could be substantially heavier than the LW Higgs.
What is interesting about this effective theory is that it is similar to the often-studied two-Higgs doublet (2HD) extensions of the Standard Model. However, the sign difference in the LW kinetic and mass terms leads to sign changes in the LW Higgs propagator as well as in the interaction vertices that originate in the kinetic terms by gauge invariance. Sign differences in specific Feynman diagrams change the theoretical predictions for a number of one-loop processes, so that the resulting bounds on the scale mh cannot be simply inferred from the 2HD results; a numerical reanalysis is required. The purpose of this paper is to begin this task, by considering the bounds from neutral B-meson mixing (for both the B d and B s mesons), the decay b → X s γ and the decay Z → bb. The bounds on the LW Higgs sector substantially supercede those that appear in Ref. [12] and are relevant in determining the parameter space that might be explored in future collider experiments.
Our paper is organized as follows: In Section II, we review the construction of the LW Higgs sector and establish our conventions. In Section III we determine the bounds on the charged LW Higgs from B-meson mixing , b → X s γ and Z → bb. In Section IV we consider the constraints that are implied by these results on the neutral LW Higgs states, and in the final section we summarize our conclusions.
II. HIGGS SECTOR OF THE LWSM
The Higgs sector of the LWSM is given by the Lagrangian
where the hat indicates that the field is defined in the HD theory. Since the LW gauge bosons are decoupled from the effective theory of interest, the covariant derivative is given by
where W 
In order to eliminate the higher-derivative term in Eq. (2.1), we construct an equivalent Lagrangian using an auxiliary fieldH [1] : 
The higher-derivative term has been eliminated at the expense of introducing the LW field H which has wrong-sign kinetic and mass terms. 
where v ≈ 246 GeV sets the electroweak scale. We will refer to h the ordinary Higgs field, andh,P , andh + as the LW scalar, pseudoscalar and charged Higgs fields, respectively. The
Higgs field masses are determined by
which shows mixing between the ordinary Higgs scalar and its LW partner. One can diagonalize the scalar mass matrix without altering the form the kinetic terms via a symplectic 
where
V is usual CKM matrix, and the fields are given in the mass eigenstate basis.
III. CONSTRAINING THE CHARGED HIGGS
The interaction between quarks and the charged Higgs field in LWSM can be extracted from Eq. (2.12),
while the γ-Higgs-Higgs and Z-Higgs-Higgs couplings follow from Eq. (2.5),
The analogous couplings in a Two-Higgs-Doublet Model (2HDM) of type II are given by [18] 
and
By comparing Eqs. We consider B qBq mixing for q = d or s, the inclusive decay B → X s γ and R b ≡ Γ(Z → bb)/Γ(Z → hadrons) to obtain bounds on the charged Higgs mass. These processes have been evaluated in the type-II 2HDM including NLO QCD corrections in Refs. [20] , [21, 22, 23] and [24, 25] , respectively. As described in the previous paragraph, we modify the 2HD model amplitudes to obtain bounds on the mass of the LW charged Higgsh ± .
A. B q B q mixing
Before including the NLO QCD corrections, it is instructive to consider the leading-order (LO) result evaluated at the matching scale at which the exotic Higgs physics is integrated out. This scale is typically taken to be m W . The mass splitting between B 0 q and B 0 q mesons in the 2HDM of type II is then given by [19] 
Here I W W originates from the pure W ± -exchange Feynman diagrams shown in Fig. 1 , I W h from the single-charged-Higgs-exchange diagrams in Fig. 2 , and I hh from the pure chargedHiggs-exchange diagrams shown in Fig. 3 . These functions are given by [19] . To obtain the mass splitting appropriate to the LWSM, we set tan β = 1. We must multiply I W h by (−1) 3 = −1, which takes into account two ffh ± vertices and oneh ± propagator; we multiply I hh by (−1) 6 = 1 because there are four ffh ± vertices and twoh ± propagators. Therefore, for the LWSM, one finds the LO result Our numerical values for the particle masses, CKM elements V ij , G F , the decay constant f B and the bag factorB Bq are given in Appendix A. Using these, we plot the LO B d −B d mass splitting in the LWSM and in a type-II 2HDM with tan β = 1 in Fig. 4 . The new physics diagrams in the 2HDM give a positive contribution to the mass splitting. In the LWSM, however, the mass splitting receives a negative contribution since the I W h term flips sign and dominates over I hh . Since the magnitude of I W h is comparable to that of I W W , the new physics can significantly alter the Standard Model prediction, leading to useful bounds on the mass of the charged Higgs when the result is compared to the experimental value.
To do such a comparison, however, we work with the NLO result that includes QCD 
corrections and takes into account running between the matching scale m W and the scale of the B-mesons. Unlike Eq. (3.6), these amplitudes are quite complicated and cannot be summarized in a few lines. However, the approach for modifying them to obtain LWSM results is precisely the same as in our simple leading order example. We use the NLO amplitudes given in Ref. [20] for our numerical analysis. Our predictions depend on the bag factor which is the largest source of theoretical uncertainty. We use lattice QCD estimates of the bag factors given in Ref. [27] : f B B B d = 216 ± 15 GeV and f B B Bs = 266 ± 18 GeV.
For other inputs, we use the values given in Appendix A.
There is an immediate question on the proper choice for the CKM matrix elements required to produce a theoretical prediction. These elements are extracted, in part, from global fits that include the very process that is affected by the new physics. The simplest approach (and one that seems standard in the literature) is to use the best global fit values for the CKM elements in the SM. One then requires that the theoretical prediction for the process of interest not deviate by more than a prescribed amount (approximately two standard deviations) from the experimental value. This approach is sensible because the global SM fit of CKM elements is consistent with the experimental data. More precisely, our bounds are determined using a χ 2 test:
where O i,LW SM is LWSM prediction for a particular process, O i,expt is the related experimental result and σ i incorporates the error coming from both the theoretical prediction and the experimental result. We require that χ With the main theoretical error originating from the bag factors, we find that the total error in both the B d and B s systems is well approximated by 9) which reflects that the experimental uncertainty is negligible compared to the theoretical one. Applying our χ 2 test to B dBd mixing, we find that the mass of LW charged Higgs boson is bounded by
while from B sBs mixing,
Note that the bound from B dBd is almost identical in the type-II 2HDM with tan β = 1,
where one would find m h ± > 308 GeV using the same method of analysis. However, this is purely coincidental. If the theoretical uncertainties were reduced by a factor of 2 one would find that these particular bounds change to 446 GeV (LWSM) and 618 GeV (2HDM, tan β = 1), consistent with our earlier comment that the predictions in these two theories are qualitatively different. 
B. B → X s γ
The bounds presented in Eqs. (3.10) and (3.11) were limited by the theoretical uncertainties in the lattice calculations of the bag factors. We now consider an observable that does not have this uncertainty, namely the ratio of the inclusive B decay width Γ(B → X s γ) to Γ(B → X c eν e ). Standard model diagrams for B → X s γ are shown in Fig. 7 and new physics diagrams in Fig. 8 . In the LWSM, the diagrams of Fig. 8 differ by an overall sign relative to those of a type-II 2HDM with tan β = 1.
As in our discussion of BB mixing, we first consider the leading-order contributions to B → X s γ, evaluated at the matching scale m W , to gain some insight on the effect of new physics. The branching fraction is given by [28] The function f is a phase space suppression factor from the semileptonic decay rate Following the approach used in the previous subsection, we obtain more accurate numerical bounds by modifying the 2HDM results that include NLO QCD corrections. These expressions cannot be summarized in a few lines, and are taken from Ref. [21] . All relevant input parameters are given in Appendix A. As discussed in Ref. [21] , the theoretical uncertainty comes from the error bars on physical input parameters as well as the choice of a number of renormalization scales. The scales µ b andμ b defined in Ref. [21] refer to the B meson renormalization scale in the b → X s γ and b → X c eν e amplitudes, respectively, while µ W is the scale at which the full theory is matched to the low-energy effective theory. The theoretical error is determined, in part, by varying these scales from half to twice of their central values. Errors coming from varying these scales and those originating from input parameters uncertainties are added in quadrature to obtain a total theoretical error. The experimentally allowed range is given by B(B → X s γ) = (3.52 ± 0.23 ± 0.09) × 10 −4 [29] .
Our results for the LWSM and for the type-II 2HDM with tan β = 1 are plotted in Fig. 10 . The bound on the charged Higgs mass is obtained by using the χ 2 test described in the previous subsection. Including the NLO QCD corrections, the bound in the LWSM is
In Fig. 10 we display 1σ theoretical and experimental error bands. Note that for approximately equal errors σ 0 , the separation between the experimental and theoretical central values that corresponds to a χ 2 of 3.84 is ∼ 2.8 σ 0 . Using this observation, one can confirm that the bound in Eq. (3.17) and Fig. 10 are consistent.
The bounds that we have obtained thus far have followed from the consideration of flavor changing neutral current processes. It is also interesting to consider the effect of new Higgs physics on the flavor-conserving Zbb coupling, which is measured to high precision. Here we focus on the observable R b ≡ Γ(Z → bb)/Γ(Z → hadrons). The charged-Higgs diagrams that contribute to this process are shown in Fig. 11 , while the neutral Higgs diagrams are shown in Fig. 12 . We will argue that the top-Yukawa-enhanced charged Higgs diagrams are the only one necessary to obtain a numerically accurate result, and that the LWSM prediction can be obtained, as before, by modifying the 2HD model result, which can be found, in this case, in Ref. [25] . Let us first consider the possible contribution from the neutral Higgs fields. The interaction Lagrangian involving the neutral Higgs fields and quarks is given by
where sum extends over all fermions in the SM. The interactions between the Z-boson and the neutral Higgs fields are given by:
and The particle mass eigenvalues and the hyperbolic functions of mixing angles in the LW form of the theory must therefore combine in physical amplitudes so that the same outcome is obtained. As a pedagogical example, one can consider the diagrams with fermion wave function renormalization due to a Higgs field loop shown in Fig. 12 . The product of the scalar propagators and fermion couplings is proportional to 21) where p is the internal momentum on the scalar line. From Eq. (2.10) it follows that 22) and using Eq. (2.9)
from which one can easily show that Eq. (3.21) can be rewritten
which has no singular behavior as either hyperbolic function becomes infinite. It is therefore safe to drop m In the type-II 2HDM, the corrections to the left-and right-handed b-quark couplings to the Z boson are given by [25] 
In the Standard Model, the best global fit value for R b is 0.21629 ± 0.00066, while the Standard Model prediction is 0.21584±0.00006 [26] ; the LWSM gives a positive contribution to R b which helps reconcile the central values. The results in a type-II 2HDM with tan β = 1 and in the LWSM are plotted in Fig. 13 . Since the LWSM correction pushes R b toward its experimental value, we do not obtain any bound on the charged Higgs mass from this process.
IV. CONSTRAINING THE NEUTRAL SECTOR
It is worth recalling that the parameter we have been bounding, mh, determines both the charged and pseudoscalar LW Higgs masses. Bounds as high as those obtained in the previous section easily supercede those of direct collider searches for charged Higgs bosons in type-II 2HD models, which are typically below 80 GeV [26] . These bounds should apply to the LWSM since the overall sign-flips in the tree-level diagrams that determine the direct production of charged LW Higgs do not affect the production rate.
We now consider what can be said about the allowed parameter space for the remaining, scalar LW Higgs fields. We determine the allowed region in the m h 0 -mh 0 mass eigenvalue plane, the most convenient parameter space for comparison to future collider searches. From
Eq. (2.11), which relates the masses of the charged and neutral scalars, and using our strongest bound on mh from B → X s γ, we have
As noted earlier, Eq. (2.10) implies that
Together, Eqs. Note that the top quark mass is the pole mass, while the remaining quark masses are running masses in the MS scheme.
